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1 Introduction
Since their discovery in 1991 by Iijima1, carbon nanotubes (CNT) have attracted the attention of many
scientists [3]. The unique electrical, mechanical, optical and chemical properties make a whole range of
promising applications thinkable, e.g. extremely small electron sources and transistors [4, 5]. However,
up to the present CNTs are only used as AFM tips and in composite materials, e.g. to enhance the
stiffness and the weight of high-end bicycle frames [6, 7]. Some applications of CNTs require the
deposition of metals or other metal compounds on the CNTs. In the following, two examples for those
metal decorated CNTs should be examined in more detail: the use in metallization systems of integrated
circuits (IC) as conductive material and CNT-based sensor devices.
Due to their ballistic electron transport, CNTs are a highly promising material for future intercon-
nects in ultra-large scale integrated (ULSI) ICs [8]. Ballistic transport means that the resistance of
a CNT vanishes since no scattering of the electrons occurs and only a contact resistance between the
CNTs and another conductive material is observed [9]2. This is an advantage compared to the currently
used copper, since the resistance Rmetal of conductive copper paths will double within the next ten years,
due to the increasing influence of scattering effects at interfaces and grain boundaries [11, p. 16]. This
rising resistance Rmetal causes an also increasing time delay τ, because these two properties are linked
by:
τ= RmetalCcoup (1.1)
where Ccoup is the coupling capacitance between adjacent conductive paths [12]. Therefore copper
has to be replaced in specific areas of the metallization systems by new materials or technologies
like superconductors, wireless or optical interconnects, metallic nanowires, nanoribbons or the already
mentioned CNTs [13].
However, the currently used growth processes for CNTs cannot generate densities of nanotubes that
are high enough to make nanotube interconnects competitive to copper based interconnects. Therefore,
the connection of copper technology with the utilization of CNTs is highly promising for the real-
ization of further technology nodes. This can be enabled either by the decoration of the CNTs with
metallic nanoparticles (NP), which influence the electronic properties of the CNTs, or the deposition
of a conformal Cu layer on the CNTs and the subsequent closing of the space between the CNTs by
electrochemical deposition (ECD) [11, p. 137] [14, 15].
1The first indication of the existence of CNTs were TEM pictures published by L. V. Radushkevich and V. M. Lukyanovich
in the Soviet Journal of Physical Chemistry in 1952 [1]. Nevertheless, this paper remained extensively unknown in the
scientific world, because it was only published in Russian. Therefore many people claim the article of Iijima in 1991 as
the discovery of CNTs [2].
2For a more detailed description of the electron transport in CNTs which takes transmission probabilities and localization
effects in account see [10, p. 137-162].
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Figure 1.1: Electron microscope images of
(a) pristine CNTs and (b) with
X-100 Triton pretreated CNTs.
Both CNTs were coated with
Au by electron-beam evaporation
[16].
A further potential application of CNTs are gas sen-
sors that are based on the sensitivity of semiconduct-
ing CNTs towards the adsorption of molecules [17].
Nevertheless, sensors that are based on pure CNTs are
only sensitive to gases that bind to the CNTs and for
which charge transfer between the molecule and the
CNT occurs. For example, the toxic gas CO cannot be
detected with pristine CNTs since it does not interact
with the surface of the CNT [17]. Therefore, the CNTs
have to be decorated with NPs that are sensitive to the
gas that should be detected [18]. For a CO sensor CuO
seems to be an appropriate functionalization material
[19].
These two examples make clear that the deposition
of metal or metal compounds on CNTs is necessary
for different potential applications of CNTs. However,
the growth of films on CNTs is challenging due to var-
ious reasons. An appropriate deposition method has to
be applied, which is able to uniformly coat the CNTs
with their high aspect ratio. Therefore atomic layer
deposition (ALD) is probably the most promising ap-
proach. However, out of the numerous known copper
and copper compound ALD processes a convenient
one has to be chosen. It is known that the surface of CNTs and the related graphite is chemically
relatively inert, due to the stable sp2-hybridization of the carbon atoms [20]. Hence, it is necessary to
functionalize the CNTs by different treatments before the ALD to obtain the desired deposition char-
acteristics, see Fig. 1.1. A pretreatment has to be chosen that is appropriate for the integration into the
fabrication of metallization systems.
The following chapter 2 starts with a basic introduction of ALD. After a discussion of several ALD
processes, a CuxO process was chosen for this thesis, which relies on a Cu(I) β-diketonate precursor.
Chapter 3 characterizes the properties of CNTs as well as different synthesis methods. Additionally,
chapter 3 contains a subsection about surface chemistry of CNTs and a survey of different possible
processes to functionalize the surface of CNTs and make them accessible for ALD. Based on this
comparison a functionalization of the CNTs with water vapor, oxygen and wet oxygen was chosen to
be examined within this work. Chapter 4 presents the equipment for the copper oxide ALD and the
functionalization as well as the analytical methods. Besides this, the formation of the used test structure
is described, likewise the applied ALD process. Chapter 5 shows the results of the analysis of the CuxO
coated CNTs and the ellipsometry measurements of SiO2 substrates, which were used to monitor the
ALD process. The thesis is completed in chapter 6 with a summary and an outlook.
2
2 Atomic Layer Deposition
2.1 Introduction
Atomic layer deposition is a thin film deposition technique and is very familiar to chemical vapor
deposition (CVD) processes. In contrast to a CVD process, the reaction partners are introduced sepa-
rately into the process chamber, which allows the usage of highly reactive reaction partners as well as
conformal deposition characteristics due to the self-limiting chemical surface reactions. Investigations
of the basic principles of ALD were already carried out in the 1960s in the former Sowjet Union [21].
Independently of the Russian scientist ALD was also investigated by a Finish group around T. Suntola
who applied for a patent in 1977 on atomic layer epitaxy of compound thin films [22] 1.
The first application of ALD was the deposition of TiO2 , Al2O3 and doped ZnS for the use in thin
film electroluminescent displays [23]. In the last years ALD has been gaining more and more attention
due to the continuous downscaling in microelectronics and the need for conformal and void-free thin
films in structures with high aspect ratios. High-κ dielectrics (HfO2, ZrO2) for CMOS and DRAM
technology are already deposited via ALD [24]. Furthermore, ALD metals and nitrides are probably
going to be implemented as seed layers as well as diffusion barriers for Cu metallization [25].
Figure 2.1: The ALD processing window (a) is limited due to precursor condensation (b), incomplete
reactions (c), precursor decomposition (d), and precursor desorption (e).
1Besides the already mentioned terms ALD and ALE further names are in use like atomic layer growth (ALG), atomic layer
chemical vapor deposition (ALCVD), molecular layer epitaxy (MLE) etc. [23]
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2.2 Basic Principles and Features of ALD
ALD is a cyclic process consisting in the most simple case of 4 steps: (I) exposure of the first reactant,
(II) purge or evacuation of the reactor, (III) exposure of the second reactant and (IV) purge or evacu-
ation of the reactor. ALD processes including more than two reactants require additional steps. The
reactant inserted during step 1 and 3 into the process chamber react/chemisorb only with specific sur-
face groups [26]. Therefore the growth per cycle (GPC) is limited by these saturation characteristics2.
The ideal ALD process can only be carried out in an appropriate temperature range, the so called ALD
window, see Fig. 2.1 [27]. Due to the self-limiting character of the growth process and the separate
insertion of the reactants, ALD has some advantages like [23]:
• accurate and simple thickness control by the number of cycles
• less need of precursor flux homogeneity compared to CVD processes
→ large-area and large-batch capability
• high conformality (coating of porous material or substrate with high aspect ratios)
• lower processing temperatures than CVD processes
But also the disadvantages should be mentioned here:
• low deposition rates
• lack of industry-suitable ALD processes for important materials, like for example SiO2 or TaN
2.3 Chemisorption Mechanisms
Due to the important role of surface reactions for ALD they are treated here a little more detailed.
Generally three classes of chemisorption mechanisms are responsible for the self-limited reactions
during ALD: ligand exchange, dissociation and association [28], see Fig. 2.2. Ligand exchange occurs
if the precursor molecule is split up and a fragment of it forms volatile species with surface groups. In
contrast, dissociation appears if the fragment of the precursor remains at the surface via chemisorption
at surface groups. The adsorption of the whole precursor molecule is called association.
For those reactions surface groups are needed. For example, the well understood ALD process of
trimethylaluminium (TMA) with H2O as co-reactant towards Al2O3 requires OH groups or oxygen
bridges of silica as reactive groups [28]. Experiments have shown that the amount of deposited Al2O3
is linear proportional to the OH surface concentration [29].
2.4 ALD of Copper and Copper Compounds
Various experiments of Cu ALD process have shown that a deposition of metallic copper is only
possible by reducing the precursor [30]. One approach is the application of atomic hydrogen within a
PEALD process [31, 32]. Nevertheless, the application of a plasma is not suitable for the coating of
CNTs, which are positioned in vias with high aspect ratio, which are typical for metallization systems.
The reason for this is the depletion of the hydrogen plasma in deep trenches due to recombination. This
would cause nonuniform coating of the CNTs.
2Due to the interaction of the substrate and the ALD film, the GPC can depend on the number of cycles. Three cases can
appear: substrate-enhanced growth, linear growth, substrate-inhibited growth [12].
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Figure 2.2: Mechanisms of chemisorption which are relevant to ALD: (a) association, (b) dissociation,
(c) ligand exchange [12].
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Figure 2.3: Structure of [(nBu3P)2Cu(acac)].
The precursor is liquid under stan-
dard conditions, showing a pale-
yellow color [12].
A thermal ALD process which uses [CuCl] as pre-
cursor requires high processing temperatures between
375 and 475°C [33]. Depending on the substrate, the
Cu layer agglomerates due to the high process temper-
ature [34]. Therefore, this process is probably not able
to deposit a conformal Cu layer on CNTs. Addition-
ally, the high processing temperatures in connection
with the co-reactants water or hydrogen could eventu-
ally destroy the vertical alignment of the CNTs [35].
The metalorganic precursor copper(II) hexafluo-
roacetylacetonate, [Cu(hfac)2], requires a minimal
processing temperature of 230°C [36]. Nevertheless,
precursors which contain fluorine mostly form lay-
ers with low adhesion, due to the accumulation of
fluorine-containing residues at the interface to the substrate [37]. However, the application of the
fluorine-free copper(II) tetramethylheptanedionate, [Cu(thd)2], is also not suitable for the ALD on
CNTs, because this ALD process depends strongly on the interaction of the precursor with a catalytic
substrate like Pt or Pd [38].
Further possible precursors for Cu ALD are Cu(I) amidinates [39, 40]. Their outstanding feature is
a processing temperature below 200°C. However, those precursors are unpractical, because they are
solids under standard conditions.
Due to the challenges for the direct ALD of metallic Cu, the deposition of copper compounds such
as nitrides and oxides has been examined [12, p. 56-57]. These compounds can be reduced subse-
quently to metallic copper. For the investigation of the ALD characteristic on CNTs, a process which
belongs to this group and deposits CuxO was chosen [12]. This process relies on the Cu(I) β-diketonate
precursor bis(tri-n-butylphospane)copper(I)acetylacetonate, [(nBu3P)2Cu(acac)], see Fig. 2.3. The ad-
vantages of this thermal ALD process are the straightforward and inexpensive precursor synthesis. The
precursor is liquid under standard conditions and it is fluorine free. This is expected to improve the
adhesion compared to fluorine-containing precursors. Furthermore, the process temperatures are low
(T ≤ 160 °C). The ALD process is described more detailed in chapter 4.
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3.1 Chemical Bonds in Carbon Structures
There are several allotropes of carbon, e.g. graphite, diamond, buckyballs and CNTs. Depending on the
number of shells one can distinguish between single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). This diversity of carbon allotropes has its seed in the possibility
of carbon to form different hybridization states of its 4 valence electrons, see Fig. 3.1. These hybridiza-
tion states are called spn-hybridization, because they arise from a linear combination of one s- and n
p-electrons. This hybridization leads to the formation of (n+1) σ-electrons (the spn hybridized states)
whose clubbed atomic orbital determines the local atomic structure. If sp2-hybridization occurs besides
the 3 sp2-states a pi-electron is generated. The interaction of those pi-electrons causes the cohesion of
neighboring graphite layers in graphite and neighboring tubes in MWCNTs [41, p. 10-11].
C
↑↓
1s
↑↓
2s
↑
2px
↑
2py 2pz
Csp2
↑↓
1s
↑
sp2
↑
sp2
↑
sp2
↑
2p
Csp3
↑↓
1s
↑
sp3
↑
sp3
↑
sp3
↑
sp3
Figure 3.1: The ground state of carbon and two different hybridization states, the spn-states form σ-
electrons and the p-state of the sp2-hybridization generates a pi-electron, see text.
3.2 Structure of Carbon Nanotubes
SWCNTs can be described as rolled-up sheets of graphene. To set the way in which the SWCNTs can
be formed out of the graphene plane and to determine the properties of the CNTs the chiral vector ~C
is introduced. This vector ~C connects two carbon atoms of the graphene plane that overlap after the
rolling up process, see Fig. 3.2. The chiral vector ~C can be described as linear combination of the two
basis vectors ~a1 and ~a2:
~C = n~a1+m~a2 = (n,m) (0≤ m≤ n; m,n ∈ N) (3.1)
Not every chirality (n, m) is observed, because if the nanotube becomes smaller, the strain energy
increases due to stronger curvature. This makes the rolling up of the graphene layer energetically
inappropriate [43, p. 139]. Therefore, SWCNTs have typically a diameter larger than 1 nm. SWCNTs
with a diameter bigger than 4 nm are usually not observed because larger SWCNTs collapse if they are
not stabilized with other shells [11, p. 27-28].
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Figure 3.2: Structure of a graphite lattice, the unit vectors ~a1, ~a2; the chirality vector ~C and the chi-
rality angle Θ are plotted. If the graphite sheet is rolled up and point A and B are getting
connected, a (4,2) SWCNT is formed. [42, p. 7]
The distance between two shells of MWCNTs is in the range of 0.344 to 0.36 nm [44]. Among
the classification into SWCNTs and MWCNTs single-walled CNTs are divided into three subgroups:
zig-zag SWCNTs are characterized by n=m, armchair CNTs by m= 0 and all other SWCNTs are just
called chiral SWCNTs.
As already mentioned above the properties of a SWCNT are determined by the chirality vector ~C.
One example for it is the energy gap of the SWCNTs. CNTs for which the difference between n and m
can be divided by three have no bandgap and are therefore metallic1. All other CNTs are semiconduct-
ing with a bandgap which is inversely proportional to the tube diameter dt (Eg = 0.41 eV/dt[nm]) [45].
3.3 Synthesis of Carbon Nanotubes
There are three main methods for the production of CNTs, arc discharge, laser ablation and chemical
vapor deposition (CVD). Arc discharge and laser ablation rely both on the evaporation of graphite
either by a vacuum arc discharge or by a laser beam [47, 48]. When the so gained elemental carbon hits
any surface in the process chamber, it can redeposit and form different allotropes of carbon including
CNTs. Experiments have shown that SWCNTs are only formed if the graphite which is evaporated
contains catalytic metals like Co, Ni, Fe, Y or Gd [49–51].
1It is found that in some cases there is a small bandgap (Eg ≤ 0.06eV/d2t [nm]) even if n−m is divisible by 3 [45]. Those
CNTs are called semi-metallic. It can be shown that only armchair CNTs with n = m are truly metallic [46]
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The basic principle of the third method to form CNTs (CVD) is the catalytic decomposition of a
carbon containing material (C2H2, C2H4, CH4, CO) on transition-metal nanoparticles (Fe, Co, Ni)
[52–54]2. Due to the usually lower process temperatures, CNTs which are produced via this approach
contain more defects than CNTs formed by the methods mentioned above. Nevertheless, CVD makes
it possible to grow CNTs in a large scale, area selective. The CNTs used for this thesis were also
prepared by CVD. The used CNT growth process is described in chapter 4.
CNTs can be purified after the synthesis e.g. by treatment with nitric acid or thermal oxidation with
oxygen to remove unwanted byproducts of the fabrication like amorphous carbon and buckyballs [56].
3.4 Surface Chemistry of Carbon Nanotubes
The sp2-hybridization of the carbon nanotubes makes them in chemical terms relatively inert. There-
fore, it necessary to use aggressive reactants like fluorine or ozone at elevated temperatures to enable
a covalent bond between the carbon atoms of the CNT and the adsorbed molecule [57]. It should be
mentioned here that in general CNTs with a small diameter are more reactive due to the strong curva-
ture [57], because this curvature disturbs the plane structure of the sp2 hybridization. Covalent sidewall
functionalization can strongly disturb the structure of the CNTs [57]. The pretreatment of CNTs with
fluorine or ozone, which is described in the next section, can be classified to this group.
In contrast, defect-group chemistry relies on the coupling of molecules to already existing defect
sites of the CNT. Defects of CNTs are buckyball-like end caps, pentagon-heptagon pairs and vacancies.
Approx. 5% of the carbon atoms of a CNT are localized at defects [58]. Furthermore, experiments
indicate that a limited number of defects does not influence the properties of CNTs [59]. The defects
are often occupied with carbonyl groups which can be used as anchor groups for other molecules
[59]. These carbonyl groups are mostly introduced to the CNTs during the purification with different
oxidation agents. The oxidation of CNTs with air, oxygen or nitric acid which are described more
detailed in the next section are examples for defect-group chemistry.
The sp2-hybridization can also be taken as advantage by using functionalization reactants which
exhibit big pi-electron systems. For example, the aromatic groups of several organic molecules couple
to the CNTs due to the interaction of the pi-electrons of the benzene rings and the pi electrons of the
CNTs [60]. In contrast, the adsorption of non-aromatic long-chain organic molecules like sodium do-
decyl sulfate (SDS) is probably caused by weaker Van der Waals forces [61]. Those functionalizations
are for example used to make the CNTs soluble in water or ethanol [43, p. 142-143]. The function-
alization of CNTs with a physisorbed NO2 layer can be classified to this group of weakly bonded
functionalizations.
2Besides the mainly used CVD growth by NPs which contain transition metals there are also approaches which are based
on non-transition metals, ceramic and semiconducting NPs and also on graphite substrates without NPs, see [55]
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3.5 Functionalization of CNTs for ALD
This section gives a literature survey of functionalizations that have already been used to perform
ALD on CNTs or on graphite. Besides this, further possible functionalization are described, which
introduce reactive groups to the CNTs, see Tab. 3.1. There are many reviews on the surface chemistry
and the functionalization of CNTs, but most of the approaches mentioned there are not applicable in
the fabrication of ICs due to the reasons listed below [57, 59, 62–64].
Because of their chemical inertness, CNTs require a chemical modification of their surface to enable
chemisorption of the ALD precursor on reactive groups [65]. It is generally known that hydroxyl groups
play an important role for the deposition of oxide films by ALD [66, 67]. Maybe also oxygen embedded
into the structure of the CNTs can be reactive towards the precursor [68]. However, due to the lack of
knowledge about the reaction mechanisms of the CuxO ALD process used in this thesis, it is not known
which reactive groups are reactive towards the applied precursor. The functionalization should fulfill
following requirements to be capable of being integrated into the production of interconnect systems
with high aspect ratios:
• in situ process
• process temperatures below 450°C (Back-end-of-line [BEOL] limit)
• thermal process, no plasma enhancement
• no destruction of the vertical alignment of the CNTs
It was recently shown that a conformal Al2O3 ALD layer can be deposited on CNTs which were
functionalized by adsorption of NO2[69]. Due to the weak bond of the NO2 to the CNTs the function-
alization layer has to be stabilized by altering exposure of NO2 and the Al2O3 precursor trimethylalu-
minium (TMA) at ambient temperature. Like the ALD process this treatment is self limiting, because
the NO2 adsorbs only on the pristine CNT surface and the TMA adsorbs only at areas where already
NO2 has been adsorbed. Therefore a system of one monolayer NO2 followed by a monolayer TMA
is achieved [70]. Afterwards the temperature is increased to the normal process temperature and the
ALD process is carried out. The big advantage of this method is that the adsorption of NO2 does not
depend on defects of the CNTs because it is physorbed by van der Waals forces. Therefore the func-
tionalization occurs on the whole CNT and not only on defect sites. The disadvantage of this method
is the low adhesion of the functionalization layer and the deposited Al2O3 on the CNTs. TEM images
have shown that the ALD film can slide off the ends of the CNTs leaving bare ends.
Ammonia also physisorbs on CNTs but only at temperatures below 140 K. Above this temperature
ammonia chemisorbed at defect sites only remains on the CNT up to 250°C [71, 72].
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The treatment of CNTs with nitric acid or a mixture of nitric and sulfuric acid at temperatures near
the boiling point of the used acid mixture (120-140°C) is a further approach for the functionalization of
CNTs [73, 74]. The reaction of the acid with the CNTs generates OH groups at defects on the CNTs.
Furthermore new defect sides are generated [59]. The density of attached hydroxyl groups can be
tuned by the duration of the acid treatment [75]. However, this method is unpractical due to the danger
that comes from boiling acid, filtration and washing steps that are required to recover the CNTs from
the acid mixture and the problems with the vertical aligned placement of the functionalized CNTs
in metallization structures. Those problems can be avoided using gaseous nitric acid as it has been
reported by Xia et al. [76].
ALD experiments on graphite substrates have shown that Al2O3 deposition occurs only on step edges
of the graphite. Via a pretreatment with O3, deposition also occurs on the graphite planes [20]. Addi-
tional to this, Fourier transform infrared spectroscopy (FTIR) analysis revealed that oxygen groups on
the surface of SWCNTs, which had been exposed to O3 at ambient temperature, are stable up to a
temperature of about 200°C [77].
Various plasma gases were used such as oxygen, ammonia or tetrafluoromethane to create different
surface groups on CNTs [78–84]. Furthermore, Hossbach et al. have shown that MWCNTs can be
coated conformaly with Ta2CN via a PEALD process which uses a hydrogen plasma as reducing agent
[85].
There are many papers that describe thermal oxidation with air, water or oxygen as a tool for gas
phase purification of CNTs due to the fact that the oxidation is more aggressive to amorphous carbon
than to CNTs [86–89]. During this treatment also functional groups like -OH or -O are introduced to
the surface of the CNTs. Those reactive groups can be used as a starting point for ALD. Nevertheless,
those processes are mostly carried out in pressure and temperature ranges that are too high for the
application in IC fabrication. An exception is the paper of Bu et al. [35], were a purification process
using oxygen is examined in the temperature range from 300 to 450 °C at a pressure of 2 mbar . This
method preserves the vertical alignment of the CNTs up to a temperature of 300°C. DFT calculations
of the interaction of oxygen and water with SWCNTs by Da Silva et al. have shown that an oxidation
of the CNTs with a mixture of oxygen and water is favorable compared to the two reactants alone [90].
Due to the straightforwardness of this pretreatment as well as the preservation of the vertical alignment
of the CNTs with proper process parameters the effect of a thermal oxidation via water vapor, oxygen
and wet oxygen is examined within this thesis. Furthermore, the use of these gases enables an in-situ
functionalization of the CNTs and a subsequent ALD without breaking the vacuum.
It should also be mentioned here, that the introduction of new defect sites via an Ar plasma can
enhance the functionalizations mentioned above which require dangling bonds on the CNT surface
[82, 84]. A further approach for the functionalization of CNTs is the substitution of carbon by fluorine.
To achieve this different pretreatments are possible, such as the above mentioned plasma process.
Additional approaches are either thermally or UV induced [91, 92].
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4 Experimental
4.1 Sample Preparation
To investigate the effect of thermal oxidation of CNTs on a subsequent CuxO ALD for an applica-
tion of the CNTs in metallization systems a test vehicle was used that should reflect the situation in
interconnect structures. Therefore the layer stack shown in Fig. 4.1 was processed by deposition, pho-
tolithography and different etching steps to form vias with a Ni/Ta layer stack at the bottom. To start the
transition of the Ni layer towards Ni NPs the substrate was heated within 45 minutes to 606°C under a
H2/N2 atmosphere (p = 700 mbar). The interaction of the Ta layer with the Ni NPs causes later verti-
cally aligned growth of CNTs inside the vias. Outside the vias no growth occurs due to the interaction
of Ni and W. After the heating up, the temperature was maintained constant at 606°C for 10 minutes.
Subsequently the atmosphere in the process chamber was changed by adding C2H4, which causes CNT
growth. Besides this, the process pressure was lowered to 200 mbar. After 10 min the growth process
was stopped by turning off the C2H4 and the H2. After 5 min more at 606°C the process was finished
by cooling down the samples in a N2 atmosphere.
Figure 4.1: Fabrication steps of the CNT samples embedded in via structures
4.2 ALD Equipment
The ALD and the thermal oxidation were carried out in a cold-wall reactor which is able to handle
wafers up to a size of 4 inch in diameter. This research tool is equipped with a load-lock chamber, a
resistive heating, a turbo pump and a roots pump. During the ALD process, the pressure in the reactor
is controlled via a butterfly valve between the process chamber and the roots pump. To provide the
13
4 Experimental
necessary gases for different ALD and reducing processes, the ALD system is furthermore equipped
with two bubbler systems for the supply of water vapor and formic acid as well as gas pipelines for
O2, N2, Ar, H2 and NH3. The flux of the gases is controlled via mass flow controllers (MFC). The
Cu(I) β-diketonate precursor applied for this thesis is liquid under standard conditions and therefore it
is evaporated via a liquid delivery system (LDS). The whole tool is more detailed described in [12].
4.3 Oxidation of the Carbon Nanotubes
To investigate the influence of different thermal oxidations on the subsequent CuxO ALD, CNT-
samples were heated to 100, 200, 300°C. At this the temperatures the CNTs were exposed to oxygen,
water vapor or wet oxygen (H2O+O2) for 30 min at a pressure of 1.3 mbar, see Tab. 4.1. A maximum
temperature of 300°C was chosen to avoid the loss of the vertical alignement of the CNTs [35].
Table 4.1: Process gases used for the different thermal oxidations.
Oxidizing agent Process gases
H2O 18-20 mg/min H2O
210 sccm Ar carrier gas
O2 45 sccm O2
210 sccm Ar
H2O+O2 18-20 mg/min H2O
45 sccm O2
210 sccm Ar carrier gas
4.4 Atomic Layer Deposition
As already mentioned in chapter 2, an ALD process was chosen for the investigations within this thesis,
which relies on the Cu(I) β-diketonate precursor, [(nBu3P)2Cu(acac)]. Wet oxygen was used for the
oxidation of the precursor, because in the reference it is reported, that this enables the formation of a
closed layer CuxO on various substrates [12, p. 72-78]. The ALD window of this process as well as the
GPC and the film morphology depends on the used substrate, see Tab. 4.2.
For the investigations within this thesis a process temperature of 135°C was used. This temperature
value is slightly above the ALD window, which causes a higher GPC, due to the beginning CVD growth
above 130 °C [12, p. 72-78]. This was accepted, because with a higher GPC 400 ALD cycles deposit
enough CuxO for the subsequent characterization of the samples. Futhermore, the film morphology is
not influenced by the higher temperature [12, p. 72-78]. 600 ALD cycles would have been necessary at
a temperature within the ALD window. This higher number of cycles would have consumed the limited
amount of precursor faster and therefore it would not have been possible to prepare all samples with
the same precursor batch. Inhomogeneities due to the beginning CVD growth can be neglect because
of the small size of the used samples. The process parameters are shown in Tab. 4.3.
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Table 4.2: ALD characteristics using [(nBu3P)2Cu(acac)] and wet oxygen on various substrates [12, p.
147].
Substrate
Ta TaN Ru SiO2
ALD window [°C] 115-125 115-125 100-120 110-120
GPC in the ALD 0.12-0.14 0.08-0.09 0.13-0.15 0,05 (wet SiO2)
window [A˚] 0.12 (dry SiO2)
Film morphology Smooth, Continuous Smooth, continuous Continuous films
continuous films films with films replicating smoothening the
after island isolated clusters substrate roughness substrate
coalescence
During the ALD process mainly Cu2O is deposited. The ALD film contains impurities such as C
(2-3 %), Cl (0.2-1.2 %) and P (≤2 %) as well as CuO and Cu(OH)2 at the surface due to the exposition
to air after the ALD.
Table 4.3: ALD cycle for the deposition of CuxO.
Step Pulse length (s) Process gases
1 – Precursor exposure 4 10-20 mg/min precursor
740 sccm Ar carrier gas
2 – Purging step 5 145 sccm Ar
3 – Oxidation 8 18-20 mg/min H2O
45 sccm O2
355 sccm Ar carrier gas
4 – Purging step 5 145 sccm Ar
4.5 Methods for Characterization
Transmission Electron Microscopy was used to obtain high-resolution images of the CNTs and
area selective electron diffraction images of the CNT samples. These characterizations were carried
out with a Philips CM20FEG 200keV TEM. The samples for the TEM analysis were prepared by
scratching TEM-grids over the CNT samples.
Raman spectroscopy is a powerful tool to determine the properties of CNTs. Raman measurements
rely on the the energy difference between incident light and scattered light. This energy difference is
the so called Raman shift and it allows conclusions from the properties of the sample such as compo-
sition and crystallinity [93]. One of the main features (D-band around 1350 cm−1) of a typical Raman
spectrum of CNTs is proportional to effects which lower the crystalline symmetry like vacancies or
impurity atoms. In combination with the defect independent G-band (around 1600 cm−1) this makes it
possible to determine the crystallinity of the CNTs by the ratio of the the intensities of these two peaks
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ID/IG [94–96]. Measurements were performed with a Horiba Scientific LabRAM HR and two different
light sources, a green (λ= 514 nm) and a UV laser (λ= 325 nm). For comparison the Raman spectra
were smoothed via a FFT filter and normalized to the G-band.
Scanning Electron Microscopy was applied to obtain structural information of the CNTs. For this
purpose a Zeiss Auriga 60 and a Zeiss Supra 60 were used. The basic principle of a SEM remains on
the detection of secondary or primary electrons from the surface of the sample. Those electrons are
produced by rastering an electron beam with an energy of 1 keV over the sample. To analyze the effect
of the different treatments onto CNTs in vias the samples were split to gain cross sectional images.
Energy dispersive X-ray spectroscopy (EDX) was performed with EDX systems (Bruker X-Flash
5030, 5010 respectively) attached to the SEM tools mentioned above. EDX allows to identify the
material configuration of a sample by exiting the atoms in the sample via the electron beam of the SEM.
When the exited atoms relax into a lower state, X-ray photons with characteristic energies are emitted.
In contrast to the SEM analysis, EDX measurements where not carried out on cross sections of the
samples but perpendicular to the surface. This secures that always the same amount of CNTs is exited
by the electron beam. At cross section this would not be possible, because it cannot be guaranteed, that
the fraction of the cross sections proceeds parallel to the via rows. For comparison the EDX spectra
were normalized to the C-peak to exclude the influence of the density of CNTs which depends slightly
on the position on the wafer.
Spectroscopic ellipsometry (SE) is a nondestructive optical method for the investigation of the di-
electric properties and the thickness of thin layers and layer stacks. This characterization technique
measures the phase shift ∆ and the polarization angle Ψ of a light wave reflected at the sample. Ellip-
sometry was applied to monitor the ALD. Therefore besides the CNT samples always a SiO2 substrate
was placed in the reactor which was analyzed afterwards via ellipsometry. For these analyses a SEN-
TECH SE 850 spectroscopic ellipsometer was used together with the software SpectraRay 2. The
investigations were performed in the wavelength range from 190 to 830 nm for the angles 60°, 65° and
70°. For the modeling of the SiO2 layer a Cauchy Model was applied. To take the stronger absorption
of the CuxO into account a Lorentz-Drude model was used for the fitting of this layer. A more detailed
description of the used models as well as general information about SE can be found in [12].
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5.1 Electron Microscopy
The following section deals with the analysis of the CNT samples by electron microscopy. An overview
of all samples is compiled in Fig. 5.2. This figure should be the first point of reference. The text refers
to more detailed images of the samples on the pages.
The comparison of pristine CNTs with CuxO coated CNTs and without any pretreatment indicates a
slight increase of the diameter of the CNTs, see Fig. 5.3. The thickening seems to be uniform from the
via bottom to the top of the CNTs. The CNTs which were oxidized at 100 and 200°C show an analog
behavior in the SEM, independently of the oxidation agent. TEM images suggest that this thickening
is caused by the deposition of CuxO NPs that are too small to be resolved by the SEM, see Fig. 5.1
(a)-(b). Potentially also charging effects of those NPs play a role. In the case of the sample which was
not oxidized before the ALD process, no NPs are visible in the TEM image, see Fig. 5.1 (c). It seems
like the deposition of CuxO occurs only on small parts of the CNTs and thereby a rather layer-like
growth occurs. SEM images of samples after pretreatments with various oxidation agents exhibit the
formation of bigger CuxO NPs on the samples which were oxidized at a temperature of 300°C, see
Fig. 5.4, 5.5 and 5.6. However, the NPs which were formed on the sample which was oxidized with
wet oxygen at 300°C are less sharply separated from the CNTs than NPs which can be seen on the two
other samples oxidized at 300°C .
(a) 100°C H2O+O2 + ALD (b) 200°C H2O+O2 + ALD (c) unpretreated CNTs + ALD
Figure 5.1: Images (a) and (b) indicate the formation of NPs. It is expected that the other samples which
were oxidized below 300°C show a similar surface morphology, independently of the used
oxidation agent. In contrast, on the sample which was not oxidized before the ALD no NPs
are visible.
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Figure 5.2: SEM image overview of all MWCNT samples. The comparison of pristine CNTs with pris-
tine CNTs after ALD shows a slight thickening of the CNTs. NPs can be seen at samples
that were pretreated at 300°C, independently of the oxidation agent. If the oxidation tem-
perature is lower than 300°C, then the NPs are probably smaller and can only be resolved in
the TEM, see Fig. 5.1 (a, b). At the sample which was oxidized with wet oxygen at 300°C
the NPs are less sharp compared to the other pretreatments at 300°C. This can be possibly
attributed to the partial destruction of the CNT sidewall, see text. The scale bar of 500 nm
applies to all images.
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Figure 5.3: SEM images of pristine MWCNTs and pristine MWCNTs after 400 cycles CuxO ALD.
The ALD causes a slight thickening of the CNTs. The scale bar of 500 nm applies to both
images.
Figure 5.4: SEM images of MWCNTs after an oxidation at various temperatures with oxygen and 400
cycles CuxO ALD. NPs can be seen at the sample that was pretreated at 300°C. If the
oxidation temperature is lower than 300°C, then the NPs are probably smaller and can only
be resolved in the TEM images, analogous to the samples which were pretreated with wet
oxygen. The scale bar of 500 nm applies to all images.
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Figure 5.5: SEM images of MWCNTs after an oxidation at various temperatures with water vapor and
400 cycles CuxO ALD. NPs can be seen at the sample that was pretreated at 300°C. If the
oxidation temperature is lower than 300°C, then the NPs are probably smaller and can only
be resolved in the TEM images, analogous to the samples which were pretreated with wet
oxygen. The scale bar of 500 nm applies to all images.
Figure 5.6: SEM images of MWCNTs after an oxidation at various temperatures with wet oxygen
and 400 cycles CuxO ALD. NPs can be seen at the sample that was pretreated at 300°C.
Compared to the other pretreatments at 300°C, those NPs are less sharply separated from
the CNT. This can possibly be attributed to the partial destruction of the CNT sidewall, see
text. If the oxidation temperature is lower than 300°C, then the NPs are smaller and can
only be resolved in the TEM images, see Fig. 5.1 (a, b). The scale bar of 500 nm applies to
all images.
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The density of the NPs is higher at the top end of CNTs that stick out of the via. This can possibly
be attributed to a higher defect density at the top edge of the CNTs and a higher amount of oxidation
agent that gets in contact with the CNT surface outside of the vias.
The missing of NPs on the sample which was not pretreated before the ALD can possibly be ex-
plained with the stabilization of physisorbed reactive groups on the sidewalls of the CNTs [69]. These
surface groups are physisorbed by van der Waals forces on the surface of the CNTs, independently of
defect sites. Therefore, preferred nucleations site are missing. In contrast, the formation of NPs oc-
curs probably only at defect sites of the CNTs, due to their higher reactivity [97]. A possible reason
why NPs growth occurs on all samples except the unpretreated sample, is that the adsorption of new
molecules from the oxidation agent occurs only at defect sites during the pretreatment , because there
the binding energy is probably higher as in faultless areas of the carbon lattice.
Furthermore, the formation of NPs corresponds to the investigation of metal-tube interaction by
Zhang et al. [16]. These experiments have shown that metals with a low number of d-electrons like Ti
exhibit a high binding energy towards the CNT. In contrary, metals with fully occupied d-orbitals like
Cu only show a low binding energy. This causes the formation of particles instead of a closed layer on
the CNT surface.
Figure 5.7: TEM image, which shows the tip
of a CNT which was pretreated
at 300°C with wet oxygen. This
tip contains probably a piece of
the Ni catalyst (dark circle). Fur-
thermore, the tip area seems to be
coated with a CuxO layer.
The formation of bigger NPs at the 300°C O2 and
the 300°C H2O sample can eventually be attributed to
the attack of already existing defects by the oxidation
with water or oxygen at elevated temperatures. It is
known that aggressive oxidations can burn holes into
the sidewalls [98]. It is expected that this happens at
original defect sites due to their higher reactivity. The
edges of those holes are eventually a preferred nucle-
ation site for the precursor. Maybe the edges of these
holes coalesce during the ALD. Possibly thereby the
NPs are formed, which are visible in the SEM.
The NPs at the sample which was oxidized with wet
oxygen at 300°C are not as sharply separated from
the CNT like for the CNTs pretreated at 300°C with
oxygen or water vapor, see Fig. 5.8 (a)-(c). In con-
trast, the sample which was oxidized with wet oxygen
at 300°C indicates a rather layer-like growth mode.
Eventually this can be attributed to the partial destruc-
tion of the sidewalls due to the oxidation with wet
oxygen at 300°C, because it is known that on amor-
phous carbon layer-like growth occurs [99]. This be-
comes especially clear at the very reactive tips of the
CNTs [100], see Fig. 5.7. It seems like a CuxO layer
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is formed around the hole tip of the CNT. However, eventually the layer which is visible in the TEM
image shows only defects which have already been existing before the oxidation and the ALD. The pos-
sible destruction of the sidewalls probably occurs only with wet oxygen, since it is a more aggressive
oxidation agent than oxygen or water vapor [101]. If the temperature of the wet oxygen pretreatment
is below 300°C, the oxidation is not aggressive enough to attack the CNT sidewalls. In this case no
amorphous carbon is formed and therefore again well-defined NPs are deposited, see Fig. 5.1 (a) and
(b).
(a) 300°C H2O (b) 300°C O2 (c) 300°C H2O+O2
Figure 5.8: TEM images of differently pretreated CNTs after CuxO ALD. The samples that were ox-
idized at 300°C with water vapor or oxygen before ALD show relatively round NPs. In
contrast, the NPs are rather flattened on the surface of CNTs which were oxidized with wet
oxygen at 300°C , see subfigure (c).
The diffraction patterns of the samples which were pretreated at 300°C with oxygen or water va-
por indicate the formation of crystalline CuxO NPs at the surface of the CNTs. That these NPs are
crystalline is indicated by bright spots in the diffraction images, see Fig. 5.9 (a) and (b). These bright
spots arise due to the preferred orientation of the CuxO crystals. In contrast amorphous CuxO would
appear in the diffraction image as gray ring without any bright spots. Such an amorphous behavior is
visible in the diffraction images of the samples which were pretreated with wet oxygen and the sample
which was not oxidized before the ALD, see Fig. 5.9 (c)-(f). Eventually CuxO on the samples which
were pretreated at 300°C with oxygen or water vapor are crystalline, because they are bigger compared
to the NPs of the other samples, see SEM overview Fig. 5.2. For smaller NPs an amorphous state is
eventually energetically preferred.
The diffraction reflexes of Cu, CuO and Cu2O as well as the reflexes of graphite were applied to
the acquired diffraction images of the samples which were oxidized with wet oxygen and water vapor
at 300 °C. This has shown that the first bright circle is caused by the CNTs1. The comparison of Cu,
CuO and Cu2O has shown the best agreement of the expected reflexes and the acquired diffraction
images for CuO. Therefore only the expected reflexes of CuO are illustrated in Fig. 5.9 (a) and (c). The
1The bright area in the center of the diffraction image is caused by electrons of the probe which has not interact with the
sample.
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agreement of CuO with the diffraction image indicates that during the ALD mainly CuO is deposited.
This is supported by the results of the Raman spectroscopy, see chapter 5.3
(a) 300°C H2O + ALD (b) 300°C O2 + ALD (c) 300°C H2O+O2 + ALD
(d) unpretreated CNTs + ALD (e) 100°C H2O+O2 (f) 200°C H2O+O2
Figure 5.9: Diffraction images of pretreated as well as unpretreated CNTs after CuxO ALD. The
diffraction reflexes of CuO are marked in (a) and (c). If the sample is oxidized with oxy-
gen or water vapor at 300°C many bright spots in the diffraction indicate the formation of
cristalline NPs on the CNTs, see Fig. 5.8 (a,b). In contrast the diffraction image of the CNTs
that were pretreated with wet oxygen at 300°C shows no bright spots. This is a hint that
at these samples amorphous CuxO is deposited. If the CNTs are pretreated below 300°C
with wet oxygen or remain unpretreated before the ALD, then only amorphous CuxO is
deposited which is indicated by the missing of bright spots in the diffraction images.
5.2 Energy Dispersive X-ray Spectroscopy
As already mentioned in chapter 4, the EDX spectra were normalized to the C-peak to exclude the
influence of different CNT densities of the samples. Since the copper oxide coating of the CNTs shields
the C signal of the CNTs, the C value decreases with increasing copper oxide coverage. As a result the
Cu/C ratio which is displayed in Fig. 5.10 increases not linear with the CuxO coating but quicker.
Fig. 5.11 exemplifies the EDX spectra of the samples which were oxidized with water vapor before
the CuxO ALD and the CNT sample which was not oxidized before the ALD. It becomes apparent that
the unpretreated sample has a Cu content that is approx. twice as high as the Cu content of the samples
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that were oxidized before the ALD process. This can eventually be traced back to the desorption of
functional groups from the surface of the CNTs during the pretreatment, which is not compensated
by the adsorption of molecules from the oxidation agents. It is well known that ALD requires reac-
tive surface groups. The possibly decreased number of surface groups due to desorption during the
pretreatment would therefore cause a lower amount of deposited CuxO.
Thermogravimetric analysis (TGA) has shown that the moisture that accumulates on the CNTs dur-
ing storage in air desorbs at temperatures below 100°C [102, 103]. Further experiments have shown
that hydroxyl groups start desorbing from the CNTs around 150°C [104]. This desorption occurring
during the pretreatment decreases the number of surface groups that are possibly reactive towards the
precursor. Therefore, it is expected that less CuxO is deposited as already mention above.
The Cu/C ratios of the CNTs pretreated with oxygen drops out of this observation, see Fig. 5.10. A
possible explanation is that the applied precursor need reactive oxygen surface groups. These groups
are eventually introduced to the defect sites of the CNTs during the 30 min lasting pretreatment. Maybe
this is enabled by the replacement of already existing reactive groups, which occupy the defect sites,
by new oxygen groups from the oxidation agent due to the interplay of desorption and adsorption
during the oxidation. The oxygen of the wet oxygen mixture is probably also the reason for the higher
CuxO content of the wet oxygen samples compared to water vapor pretreated samples. This conclusion
is supported by the results of the ellipsometry measurements of the SiO2 monitoring samples, see
chapter 5.4.
Figure 5.10: Cu/C ratios of all CNT samples that were prepared. The Cu content of water vapor and wet
oxygen pretreated CNT is smaller than the Cu content of the samples that were oxidized
with oxygen. This can be interpreted as a hint that the used copper precursor requires
oxygen surface groups. The dotted line marks the Cu/C ratio of the sample which was not
pretreated before the ALD.
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Figure 5.11: EDX spectra of pristine CNTs after CuxO ALD and the CNT samples which were ox-
idized with H2O at various temperatures and coated with 400 cycles ALD. The spectra
are normalized to the carbon peak. The Cu content of the pretreated samples is smaller
than the copper content of the sample that was not oxidized before ALD. This suggests
the desorption of functional groups from the CNTs during the pretreatment. The different
peaks are discussed in the text.
5.3 Raman Spectroscopy
Raman spectroscopy was carried out on all CNTs samples to evaluate the damage introduced to the
CNTs during the oxidation and the ALD process. Besides this, a sample with pristine CNTs was exam-
ined as well as a SiO2 substrate and a SiO2 substrate with a CuxO ALD film on top. The comparison
of the SiO2 samples with and without CuxO layer has shown that no CuxO is detectable with the used
experimental set up (UV laser, λ= 325 nm) due to the small film thickness.
In contrast, on the CNTs additional peaks are detectable at 177, 290 and 625 cm−1 after the CuxO
ALD, see Fig. 5.12. A reason for it is possibly the distribution of the CuxO NPs over the complete
height of the CNTs (approx. 2 µm) and therefore a higher amount of CuxO with which the light ray can
interact compared to the plane SiO2 sample. The peaks at 177 and 625 cm−1 align not well with the
values for CuO and Cu2O found in the literature [105, 106]. Eventually these Raman peaks are disper-
sive and shift with the used wavelength. However, whether these peaks are dispersive is not reported
in the literature. With the measurements which were performed with the green laser (λ= 514 nm) this
prediction cannot be checked, because with the green laser the Raman shift was only measured around
the D and G-peak, but not in the area of the CuxO peaks. The literature values for CuO align well with
the peak at 290 cm−1. Eventually this good alignment arises because during the ALD process mainly
CuO is deposited on the CNTs. This conclusion is supported by the diffraction images in chapter 5.1,
because the diffraction rings align also best with the data for CuO.
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Fig. 5.13 shows a typical Raman spectrum of MWCNTs. In the range from 150 to 650 cm−1 a
plateau can be seen. This feature arises from the overlap of radial breathing mode peaks (RBM), a
silicon peak at 320 cm−1 [96] and the above mentioned CuxO peaks. The RBM peaks can be used
to determine the diameter of a SWCNT, but due to the different diameters that appear in MWCNT
samples those peaks smear to the measured plateau. The two main features of this spectrum are the
D-peak (1400 cm−1) and the G-peak (1580 cm−1). For the determination of the defect density of the
CNTs via the ID/IG ratio it is important that at the D and the G-peak no CuxO peaks appear, see inset
Fig. 5.13. At the end of the measurement range, a peak can be detected which arises from the overlap
of the overtone of the D-band (mostly labeled with G’) and the overtone of an LO mode.
Figure 5.12: Raman spectra of pristine CNTs and pristine CNTs after 400 ALD cycles. The various
colored lines mark the position of the Raman peaks of CuO [106] and Cu2O [105] as
well as the peaks of SiO2, which rely on own measurements. The good accordance of the
additional peak at 290 cm−1 indicates that during the ALD mainly CuO is deposited. For
the measurement a UV laser (λ= 325 nm) was used.
For the determination of the defect density a green laser (λ= 514 nm) was applied to gain a higher
accuracy, because with the green laser the D-peak rises clearly, compared to the G-band. Fig. 5.14
exemplifies the D and G-band of the CNTs which were pretreated with water vapor as well as the data
of pristine CNTs and CNTs which were not oxidized before the ALD.
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Figure 5.13: Raman spectra of pristine CNTs and CNTs which were not oxidized before ALD. On
the scale which is used in this image no peaks are visible that arise due to the CuxO,
for it see Fig. 5.12. At the D and G-band no additional peaks are visible after the ALD,
see inset. The different peaks are described in the text. For the measurement a UV laser
(λ= 325 nm) was used.
Fig. 5.15 shows the ID/IG ratio of the CNT samples which is proportional to the defect density.
The comparison of the measured ID/IG ratio differences with further measurements carried out in our
institution or published in papers makes clear that the variations in the ID/IG ratio of the CNTs samples
examined within this thesis are small2 [35]. The difference between the biggest and the smallest value
of the ID/IG ratio is 0.1. Analysis of the influence of the temperature during the CNT growth of the used
CNT samples has shown a variation of the ID/IG ratio by 0.7 [11, p. 76-79]. Therefore the measured
differences can probably be traced back to variations of the ID/IG ratio caused by different positions of
the samples on the wafer and measurement errors. For this reason the Raman measurements suggest
that the CNTs are not or only slightly attacked during the pretreatment. This is congruent with the
experiments of Bu et al. [35].
The offset between the samples pretreated with water vapor (as well as the pristine and unpretreated
sample) and the samples which were oxidized with oxygen or wet oxygen is eventually caused by
slightly different measurement conditions, because the samples were examined on various days.
In chaper 5.1 a partial destruction of the CNT sidewalls was indicated by a rather layer-like CuxO
growth at the sample which was pretreated with wet oxygen at 300°C. However, the expected destruc-
tion of the sidewalls is not reflected by the Raman measurements. Eventually the part of the CNTs
which is attacked during the pretreatment is to small too be detected by Raman spectroscopy.
2The comparison of Raman spectra performed with different measurement set ups is always a little bit doubtful because the
intensity of the different peaks and therefore the ID/IG ratio strongly depends on the used light source. For example, the
difference in the ID/IG ratio of various samples disappeared in the noise when the UV laser was used for excitation.
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Figure 5.14: Raman spectra of pristine CNTs, pristine CNTs after ALD and CNTs which were oxidized
with H2O at various temperatures and treated with 400 cycles ALD. The change in the
height of the D-peak is small. For this measurement a green laser (λ= 514 nm) was used.
Figure 5.15: IG/ID ratio, which is proportional to the defect density of the CNTs. Compared to other
measurements the differences between the various samples are small and can probably
traced backed to variability of the crystallinity of the samples depending on the position
of the CNTs on the wafer, see text. The dotted lines mark the IG/ID ratios of pristine CNTs
before and after the ALD. For this measurement a green laser (λ= 514 nm) was used.
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5.4 Spectroscopic Ellipsometry
Additionally to the CNT samples always also a SiO2 substrate was placed within the ALD reactor dur-
ing the pretreatment and the subsequent ALD process to monitor the ALD process. For the evaluation
of the ALD process the SiO2 samples were characterized by SE after the ALD. With these SE data the
CuxO film thicknesses was calculated, see Fig. 5.16. However, the ellipsometry software SpectraRay
2 requires the properties of the substrate on which the CuxO layer is deposited for the calculation of
the CuxO film thickness. Therefore a SiO2 wafer (20 nm dry SiO2 on Si) was characterized via SE.
The film thickness as well as the optical properties were calculated via SpectraRay 2. Afterwards, this
wafer was split into the SiO2 samples which were later used for the monitoring of the ALD process.
Furthermore, three SiO2 substrates were oxidized with wet oxygen and afterwards characterized via
SE to determine how strong the influence of the pretreatment onto the SiO2 layer and the subsequent
fitting of the spectroscopic ellipsometry data is. The analysis of these measurements have been applied
to the film thickness calculations of the samples which were pretreated with wet oxygen. The results
are plotted in Fig. 5.16. The change of the SiO2 during the pretreatment causes a slight offset of the
calculated film thicknesses. However, the shape of the curve is not changed. The offset is expected to
be maximal if the sample is treated with wet oxygen because wet oxygen is expected to be the most
aggressive oxidation agent [101].
Eventually the SE results are influenced by a changing film morphology of the CuxO due to the
pretreatment. This must still be checked by SEM images of the coated SiO2 samples.
It is observable that the film thickness and therefore the amount of deposited CuxO depends on the
oxidation agent and the oxidation temperature. Independently of the oxidation agent the CuxO film
thickness decreases when the oxidation temperature is increased from 100°C to 200°C, see Fig. 5.16.
It is well known that ALD depends strongly on the presence of reactive surface groups. Which surface
groups are required depends on the applied precursor. That the film thickness decreases between 100
and 200°C can possibly be explained with the desorption of required surface groups during the pre-
treatment. The desorption of reactive surface groups is possibly also the reason why the film thickness
of the samples which were pretreated with oxygen, water vapor or wet oxygen at 100 and 200°C is
smaller than the unpretreated sample, see Fig. 5.16. Possible surface groups that desorbs during the pre-
treatment are physisorbed moisture or other weakly bonded organic contaminations which accumulate
on the sample surface during the storage in air.
However, besides desorption always also adsorption occurs. Nevertheless, the results indicate that
the desorption rate is bigger then the adsorption rate, because although the samples are surrounded by
the oxidation agent it seems like the amount of surface groups decreases because the film thickness
decreases with the pretreatment. Eventually, the interplay of desorption and adsorption causes the
replacement of already existing surface groups by new surface groups from the oxidation agent during
the pretreatment. This would for example mean that for the oxidation with oxygen the SiO2 surface
is possibly predominantly occupied with oxygen groups. Because the film thickness is the biggest for
the samples which were pretreated with oxygen this chain of thought would mean that the applied
precursor requires oxygen groups. This consideration that the ALD process works best with reactive
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oxygen surface groups is supported by the results of the EDX measurements of the CNTs coated with
CuxO, see chapter 5.2. It is also known that on dry SiO2 a higher GPC occurs than on wet silicon
dioxide [12, p. 98-108]. Maybe this can also be attributed to a higher amount of oxygen groups on the
dry silicon dioxide which was grown by oxidation of silicon with oxygen (dry oxide) instead of water
(wet oxide).
In contrast, if the temperature is further increased to 300°C, the film thickness increases obviously. It
is well known that the surface of SiO2 is occupied by OH groups. Possibly at temperatures above 200°C
further molecules bind to these groups by a hydrogen bond. These groups may serve as starting points
for the ALD. Eventually these groups increase the density of areas where CuxO deposition occurs
during the first ALD cycles. Maybe this increased nucleation site density causes the faster formation of
a closed ALD layer which enables a higher GPC in the subsequent ALD cycles. This behavior, that the
GPC increases clearly after the formation of a closed starting layer is already known from other ALD
processes [107]. This change in GPC is attributed to the initial growth of islands and their subsequent
coalescence. Maybe this state is faster obtained at the samples which were pretreated at 300°C due to
the higher number of nucleation sites. Therefore at these samples a higher number of ALD cycles is
carried out with a high GPC instead of the cycles at the beginning of the ALD process with low GPC.
This could cause the higher values for the CuxO film thickness at 300°C oxidation temperature.
Figure 5.16: CuxO film thickness after 400 ALD cycles at 135°C on SiO2 substrates. If the various
oxidation agents are compared it is observable that by pretreatment with O2 the biggest
film thickness can be achieved, independently of the pretreatment temperature. Eventually
this can be explained with the need for reactive oxygen groups of the used precursor. The
thickness was calculated from the SE data.
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The integration of CNTs in ULSI metallization systems or in sensors devices requires the function-
alization of the MWCNTs. One example for the functionalized CNTs is the deposition of metals or
metal oxides on the surface of the CNTs. Due to the high aspect ratio of CNTs an appropriate de-
position technique has to be applied which is able to coat such structures uniformly. Therefore this
thesis examined the influence of different oxidation agents (oxygen, water vapor and wet oxygen) and
different oxidation temperatures on a subsequent CuxO ALD on MWCNTs, see Tab. 6.1.
The analyses of the various samples have shown that by variation of the pretreatment parameters
the shape of the deposited copper oxide can be controlled. On CNTs which were not oxidized before
the ALD, the copper oxide was deposited on the CNTs without any recognizable structure. In contrast,
small NPs, which were only resolvable in the TEM, have been formed at the MWCNTs which were
pretreated with wet oxygen at temperatures up to 200°C. Although no TEM images were acquired of
the samples which were oxidized at 100 and 200°C with oxygen or water vapor, it is expected that also
on these MWCNTs small NPs have been deposited. However, of these two oxidation agents only TEM
images have been acquired of the CNTs which were oxidized at 300°C . If the temperature during the
pretreatment is increased to 300°C and water vapor or oxygen is applied as oxidation agent, bigger
NPs with a diameter of approx. 10 nm can be formed on the CNTs. These NPs are probably generated
on defect sites of the CNTs due to their higher reactivity. The diffraction images indicate that these
NPs are crystalline.
A partially rather layer-like CuxO growth can be achieved if the MWCNTs are pretreated with wet
oxygen at 300°C. The article by Egelhoff et al. suggests that this behavior can be traced back to a
partial destruction of the CNT sidewalls [99]. Probably the oxidation attacks only the areas around
already existing defect sites, because the areas were CuxO has been deposited on the CNTs have some
kind of center with a NP which is partially embedded into the layer like grown copper oxide around.
Eventually, this center is located at the primary defect. The diffraction image of the sample which was
pretreated with wet oxygen at 300°C indicates that the deposited CuxO is amorphous.
The damage that is introduced to the CNTs during the pretreatment and the ALD is low, because
the variations in ID/IG ratio of the different pretreated samples are small, compared to other references
[11, p. 76-79]. Eventually, these differences are caused by variations during the CNT growth and by
different position of the samples on the wafer.
EDX measurements and SE measurements indicate that the used CuxO ALD process requires re-
active oxygen surface groups, see Tab. 6.1. Future investigations of the ALD process via in-situ XPS
should enhance the knowledge of the used Cu(I) β-diketonate ALD process and its surface chemistry.
31
6 Summary and Outlook
For the potential application of the ALD treated CNTs in metallization structures the reduction of the
CuxO to metallic copper is necessary. Therefore the transition of CuxO to metallic copper by various
approaches should be examined [12, p. 121-135]. To verify the influence of the Cu NPs onto the elec-
trical properties of the MWCNTs, electrical measurements are required. However, it is still a challenge
to contact the MWCNTs which are embedded in vias. Nevertheless, those electrical measurements are
needed to compare the influence of the Cu NPs onto the conductance and the contact resistance of the
CNTs with other already examined metals like Ti and Pt [14, 108].
Table 6.1: Overview of the results of various pretreatments onto a subsequent CuxO ALD. The ALD
was performed for 400 cycles at a pressure of 1.33 mbar and a temperature of 135°C. The
used precursor was [(nBu3P)2Cu(acac)]. The various oxidations are grouped by the tem-
perature, to make clear that the ICu/IC ratio of the CNTs and the film thickness on SiO2 is
always greatest when the sample was pretreated with oxygen.
oxidation T SEM NPs TEM NPs structure ICu/IC ID/IG film thickness
agent [°C] visible visible of CuxO EDX3 Raman shift4 on SiO25 [nm]
O2 no -1 -1 0.82 - 5.1
H2O 100°C no -1 -1 0.28 0.98 4.7
H2O+O2 no yes amorphous 0.55 0.95 4.4
O2 no -1 -1 0.76 0.95 4.4
H2O 200°C no -1 -1 0.27 1.00 3.8
H2O+O2 no yes amorphous 0.35 0.97 3.5
O2 yes yes crystals 0.85 0.96 7.6
H2O 300°C yes yes crystals 0.43 1.03 6.8
H2O+O2 yes yes + layer2 amorphous 0.64 0.95 5.8
1This measurement was not performed. Nevertheless, it is expected that the results would be analog to the sample which
was oxidized with wet oxygen at the same temperature.
2The NPs are embedded into a area of rather layer-like growth.
3The ICu/IC value for the sample which was not oxidized before ALD is 0.78.
4The ID/IG ratio of pristine CNTs is 1.05 and the value of the sample which was not oxidized before ALD is 1.01.
5The film thickness of the sample which was not oxidized before ALD was 5.3 nm.
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